abstract Background: Short-latency afferent inhibition (SAI) results when somatosensory afferent input inhibits the corticospinal output from primary motor cortex (M1). The present study examined SAI in the flexor carpi radialis (FCR) muscle in individuals with spinal cord injury (SCI) and uninjured controls. Methods: Short-latency afferent inhibition (SAI) was evoked by stimulating the median nerve at the elbow at intervals of 15, 20 and 25 ms in advance of a transcranial magnetic stimulation (TMS) pulse over M1. SAI was tested with the FCR at rest and also during ~20% of maximum voluntary contraction. Corticospinal output was assessed through measuring both motor thresholds and motor evoked potential (MEP) recruitment curves. The afferent volley was assessed via the N20-P25 amplitude of the somatosensory evoked potential (SEP) and the amplitude of sensory nerve action potentials (SNAP) recorded over the median nerve at the elbow. Results: SAI is reduced in SCI in both the contracted and non-contracted FCR muscle. MEP recruitment curves and thresholds were decreased in SCI only in the active state and not the resting state. N20-P25 amplitude was similar between groups in both the resting and active states although SNAP was significantly reduced in SCI at rest. Conclusions: We conclude that reduced SAI in SCI is likely attributed to neuroplasticity altering the intrinsic M1 circuitry mediating SAI and/or reduced afferent input traversing a direct thalamocortical route to M1. These data provide a new avenue of research aimed at identifying therapeutic approaches to alter SAI to improve upper limb function in individuals with SCI.
introduction
Neuroplasticity in sensorimotor cortex is likely to follow spinal cord injury (SCI) and would reflect changes in the integrity of afferent and efferent pathways. In humans, the integrity of sensorimotor cortical paths may be assessed via short-latency afferent inhibition (SAI) whereby the afferent volley elicited by peripheral nerve stimulation reduces the amplitude of the motor evoked potential (MEP) elicited by transcranial magnetic stimulation (TMS) over the primary motor cortex (M1) [1, 2] . SAI is considered a cortically generated circuit evoked by the arrival of the peripheral afferent volley in the cortex and is mediated via neuronal circuitry within M1 [1] .
The magnitude of SAI depends on the integrity of afferent transmission and the activity within the cortical circuitry that mediates SAI. If, in SCI, the afferent volley arriving at the cortex is reduced due to damage to the ascending pathway, a reduction in SAI is expected as the depth of SAI decreases with lower nerve stimulation intensities [3] . Additionally, substantial plastic changes may occur after SCI in either M1 or primary somatosensory cortex (S1). Within M1 the cortical territory responsible for controlling the muscles below the level of injury decrease in size and the muscles above the level of injury increase in size [4] . Decreasing the number of neurons responsible for controlling muscles below the level of injury may decrease the ability for an afferent stimulus to condition those neurons and elicit SAI. Following upper limb deafferentation, somatosensory and thalamic areas atrophy in primates [5] and may decrease extensive projections from primary somatosensory cortex (S1) to M1 [6, 7] , thus decreasing SAI. One study in chronic SCI demonstrated a reduction in SAI in the contracted anterior tibial muscle [8] , although the mechanism(s) for this effect remain unclear. At present, there are several unstudied questions regarding SAI in SCI that include whether abnormalities exist in upper limb muscles, whether they occur when the muscle is in the relaxed, non-contracted state, and whether the magnitude of SAI is different in SCI versus uninjured controls.
Determining whether SAI is reduced in SCI compared to controls is important since SAI is a sensorimotor circuit that is implicated in movement and plays an important role in the concept of surround inhibition [9] [10] [11] . Further, reductions in SAI in other clinical populations have been implicated in sensory driven longterm potentiation to motor cortex, which may promote motor learning and recovery [12] .
In the present study, SAI was examined in the flexor carpi radialis (FCR) muscle in chronic cervical SCI and uninjured controls in both the non-contracted and contracted muscle states. In uninjured controls, SAI is observed in the FCR muscle when the interval between the nerve and cortical stimulation is between 13-20 ms [13] . Relative to other muscles of the upper limb, FCR function is often partially retained in individuals with SCI [14] , which offers the opportunity to study its afferent regulation in both the contracted and noncontracted states. Moreover, we explored whether alterations in the SAI circuit would be due to changes in the transmission through afferent pathways by measuring the amplitude of sensory nerve action potentials (SNAP) and somatosensory evoked potentials (SEP), and transmission of efferent pathways through MEP.
Our data indicate that SAI is indeed reduced in SCI compared to uninjured controls in both the contracted and non-contracted muscle.
However, our data also suggest that an impaired afferent volley may contribute to reduced SAI via a route that acts independently of S1 (i.e. direct thalamocortical projection to M1) and/or changes associated with neuroplasticity within S1 and/or M1.
Subjects and methods

Participants
Thirteen limbs from eight adults with cervical spinal cord injury were studied (7 males; mean age = 30.8 ± 2.4; The American Spinal Injury Association (ASIA) impairment scale categories B-D). Table 1 
Short-latency afferent inhibition
The median nerve (MN) at the elbow was between trials, and to test whether significant differences existed between our groups, a 2-way analysis of variance (ANOVA) was performed using within-subject factor TRIAL (first, second, third) and between-subject factor GROUP (SCI, group). This analysis revealed no significant differences across groups, trials, or their interaction indicating that participants did not fatigue during MVC acquisition and were performed similarly across groups. As described earlier, MVC was marked on an oscilloscope and was used to calculate 20%
MVC to which a bright line was displayed. MN is stimulated at the elbow the latency of the N20 is expected to fall around 15 ms as observed elsewhere [13] . Where applicable, SEP were collected bilaterally.
data analysis
All data was collected and stored for offline AMT and RMT were subject to unpaired onetailed t-tests to test the hypotheses that each threshold measure would be greater in SCI compared to controls as observed elsewhere [16] . For MEP recruitment curves, a two-way ANOVA was performed with INTENSITY as the within-subject factor (10 levels; 10%-100%) and between-subject factor GROUP (2 levels; SCI, uninjured). For SAI, normalized MEP area (MEP nerve-TMS /MEP TMS ) was subjected to a twoway ANOVA performed using within-subject factor ISI (4 levels; Test, 15, 20, 25) and betweensubject factor GROUP (2 levels; SCI, uninjured).
Background EMG was subject to two-way ANOVA with either ISI (4 levels; Test, 15, 20, 25) or INTENSITY (10 levels; 10, 20, 30, 40, 50, 60, 70, 80, 90, 100) as the within-subject factor and between-subject factor GROUP (2 levels; SCI, uninjured). SEP latency and amplitudes were subject to two-way ANOVA with STATE (2 levels;
active, rest) as the within-subject factor and GROUP (2 levels; SCI, uninjured) as the betweensubject factor. Group averaged SNAP amplitude was subject to unpaired two-tailed t-test. Threshold and corticospinal output
Group-averaged RMT and AMT are shown in Figure 1A and B. RMT was not different between groups (p = 0.87), and therefore we cannot reject the null hypothesis. AMT was significantly higher in SCI (p = 0.002).
MEP recruitment curves with FCR at rest are shown in Figure 1C . 
Summary of results
Individuals with SCI have reduced corticospinal excitability in the contracted muscle, reduced Figure 3 . Somatosensory evoked potentials and sensory nerve action potentials. SEP were evoked via MN stimulation at the elbow, lateral and proximal to the medial epicondyle, slightly medial to the medial edge of biceps. SEP were collected from 7 limbs from 4 SCI participants and from 7 uninjured controls. SEP were collected and analyzed in both the active, where participants were asked to hold an isometric contraction equal to ~20% MVC and in the resting, where participants relaxed their forearm, states. SNAP were evoked via MN stimulation at the wrist just lateral to the palmar tendons of the wrist and were recorded over the MN at the elbow. A) Group-averaged SEP latency in both contracted (active) and non-contracted (resting) FCR for both SCI and controls are shown. ANOVA revealed no significant differences between the groups (p = 0.068) although a trend is emerging for longer SEP latency in the SCI group. The latency in both the SCI (~15.6 ms) and control (~14.7 ms) group are consistent with previous literature showing latency from this location being 15.4 ms [13] . B) Group-averaged N20-P25 amplitude in both contracted (active) and non-contracted (resting) FCR for both SCI and controls are shown. ANOVA revealed no significant differences between the groups (p = 0.849). C) Group-averaged SNAP amplitude in the non-contracted, resting, FCR for SCI and controls. Unpaired two-tailed t-tests revealed significant differences between the two groups (p = 0.045). Abbreviations: ANOVA, analysis of variance; FCR, flexor carpi radialis muscle; MN, median nerve; MVC, maximum voluntary contraction; SCI, spinal cord injury; SEP, somatosensory evoked potentials; SNAP, sensory nerve action potentials.
SNAP, reduced SAI and SEP similar to that in our control group. Collectively, these data may imply that reduced SAI is not mediated by changes in S1 activity but instead may result from alterations in the SAI circuitry within M1
and/or thalamocortical projections to M1. 
Mechanisms that mediate SAI and its reduction
The SAI circuit is very complex and the exact mechanisms that underpin its origin are relatively unknown. SAI is a cortically mediated circuitry modulated by the late I-wave generating neurons within M1 as peripheral nerve stimulation reduces the amplitude of the descending I3 wave [1] . SAI can be altered through many different mechanisms. SAI is increased with an increase in the peripheral afferent volley [3] and decreased with an increase in the amplitude of the descending efferent volley [17] . Further, any modifications to the corticocortical projection from S1 to of the afferent volley maximum [18] . Further, SCI may result in neuroplastic changes within S1 [5, 19] that may lead to alterations in the integrity of the corticocortical projection from S1 to M1, and possible neuroplastic changes to the I-wave circuitry within M1. Therefore, in our study the altered afferent volley still had a similar effect on the activation within S1, and may not explain the alterations seen in SAI.
We propose that neuroplasticity associated with the corticocortical projections, or to the intrinsic M1 I-wave circuitry may explain the alterations seen in SAI and may be detected using alternate imaging methods. However, we cannot rule out the possibility that the reduced SNAP amplitude in SCI may result in a deficient afferent volley conveyed to M1 via a direct thalamocortical projection that bypasses S1.
Non-contracted FCR
With the FCR muscle relaxed, we observed similarities between SCI and controls in RMT, MEP recruitment curve and SEP. In contrast, our SCI group showed ~26% reduction in SAI compared to controls; in fact SAI was abolished in the SCI group and we observed ~43% reduction in SNAP in SCI compared to controls. This effect occurred specifically at the 15 ms interstimulus interval that corresponds to the latency of the cortical arrival of the afferent volley ( Figure 3A ). Reduced SAI does not result from abnormalities in the magnitude of the afferent volley terminating in S1 since the amplitude of the N20-P25 is within the normative range [20] and not different from our control group but may be explained by the reduced afferent volley that projects to M1 via a pathway independent of S1. 
